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ABSTRACT 



The object of this thesis was to investigate experi- 
mentally the strain distributions and ultimate failures in 
thin circular and non-circular aluminum rings subjected to 
uniform external pressure. 

A test apparatus was designed to permit the application 
of hydraulic pressure to the outer circumference of a ring 
placed between two sheets of Plexiglas. The small clearance 
between the edges of the ring and the Plexiglas was sealed 
by a continuous rubber gasket of slightly greater width 
fitted around the outer circumference of the ring. Except 
for friction at the gasket -Plexiglas interface, the ring 
was free of restraint . 

Nine rings of aluminum alloy, 61S-T6, were tested to 
collapse; the variable in this series was out -of -roundness. 
Correlation between measured and predicted strains was 
obtained in five of the six rings in which the assumptions 
of tne prediction were valid. A somewhat arbitrary strain 
distribution was observed in the two most circular rings. 

The four rings of moderate out-of -roundness collapsed very 
near predictions based upon a criteria related to the 
maximum stress level in the outer fibers while the three 
rings of relatively large out -of -roundness failed at 
pressures somewhat higher than predicted. The two most 
circular rings collapsed near a computed pressure when the 
minimum rather than average section thickness was used in 
the calculation. Collapse pressures were predicted most 
accurately when the stress used in conjunction with the 
failure criteria was defined by the point on the stress- 
strain curve at which marked non-linearity occurred. 

An analysis of the results indicates that strain dis- 
tributions in an out-of -round ring loaded by uniform 
external pressure can be predicted with satisfactory 
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accuracy provided the assumptions made in the prediction 
are satisfied; namely, that the thickness to diameter ratio 
be the order of 0.0285 and that the initial configuration 
assumed is actually predominate. A failure criteria based 
upon the stress level in the outer fibers will, when the 
assumptions above are fulfilled, predict collapse quite 
accurately in rings of out -of -roundness to thickness ratio 
between 0.10 and 0.30. At larger values of out-of-roundnes 
the criteria is conservative but not over cautious. 

It is recommended that the experimentation be extended 
to include a quantitative investigation of the effects of 
deviations from a basic two lobe out-of-roundness such as 
might be obtained in a practical situation. Suoh an in- 
vestigation should be conducted using rings of constant 
thickness in order to avoid many of the unnecessary compli- 
cations encountered in the analysis of data obtained in 
this thesis. 
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SYMBOLS Aim ABBREVIATIONS 
The following symbols and abbreviations are used 
throughout this report: 

b = Width of ring, in inches 

D = Kean diameter measured to neutral axis, in inches 

E - Modulus of elasticity - initial slope of stress- 
strain curve, psi. 

£ - Compressive strain, inches/inch or micro -inches/inch. 

h = Thicicness of ring, in inches. 

I » Moment of inertia of ring cross-section about 
neutral axis, in in.* 

P = Pressure, psi. 

P or it. = Collapse pressure of a circular ring, psi. 

psi. = Pounds per square inch. 

R = Mean radius to neutral axis of ring, in inches. 

R 0 = Mean radius to outer circumference of ring, in inches. 

* Compressive stress, psi. 

^y * 0.2% proof stress, psi. 

© = Angular coordinate to designate positions on ring, 
in degrees. 

uo = Two-lobe out -of -roundness, maximum deviation from 
a true circle of the same perimeter as the two- 
lobe configuration, in inches. 

u^ » Three-lobe out -of -roundness, inches 

U 2 = Pour-lobe out -of -roundness, inches 
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I. 

INTRODUCTION 



Objective 

The objective of this thesis is to investigate 
experimentally the strain distributions and ultimate 
failures obtained in thin circular and non-circular 
aluminum rings subjected to uniform external pressure. 
Background 

The slender column in axial compression is generally 
cited as the classic example of a buckling failure. The 
behavior of such axially loaded columns v?as subjected to 
an early theoretical analysis, and at the same time 
numerous investigators supplied experimental data relevant 
to the problem. The experimentation served two purposes. 
Pirst, the conclusions substantiated the basic concepts 
and accuracy of the theoretical analysis. Second, certain 
practical aspects of the problem were magnified. Thus, 
through an analysis of experimental data and an apprecia- 
tion of the difficulty in obtaining a perfectly loaded 
column, Moncrieff (1) was able to propose a practical 
criteria for column strength which included the assumption 
of an inherent eccentricity. 

The failure of thin rings subjected to uniform 
external pressure is analogous to the buckling of columns. 
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The budding of such uniformally loaded rings has been 
treated theoretically by investigators as early as 
Levy (2) and as recent as Boresi (3). In addition a clear 
presentation of the problem is given by Timoshenko (4). 
Despite the extensive theoretical analysis, experimenta- 
tion has been lacking. In a search of the literature, 
the authors found no instance of a ring being collapsed 
experimentally under a uniform external load. 

The lack of experimental data relative to the ring 
problem may be partially explained by the following: 

1. The use of the ring as a structural member is 
not so widespread as the column. Henoe the 
need for usable data was not pressing. 

2. Many of the conclusions formulated as a result 
of column analysis were applicable to the ring 
problem. 

3. The buckling of a cylinder subjected to external 
pressure is closely related to the buckling of 

a ring. Obviously much of the data gleaned 
from failure of cylinders also applies to rings. 
The collapse of a cylinder may be effected 
simply and conveniently in the laboratory. 

4. A free ring loaded with uniform external pressure 
offers a difficult problem in the design of a 
test apparatus. 
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Despite the apparent validity of the theoretical 
analysis of ring buckling and the availability of related 
experimental data, there is a need for experimentation 
devoted specifically and directly to the collapse of a 
thin ring. This need arises not merely from the satis- 
faction to be gained by proving the validity of the concepts 
or assumptions of the pertinent theory but from a desire to 
obtain a practical perspective. Thus, some peculiarity of 
the ring problem may yet be unrecognized; practical expedient 
such as the assumption of an inherent out -of -roundness may 
be necessary. Furthermore, there is need for a substantial 
and tested criteria of failure which may or may not be re- 
lated to the stress level at the inner or outer surface of 
the ring. It is to be appreciated that in out -of -round 
rings, failure- results when stable equilibrium is not 
possible between an internal and external bending moment 
and is not a direct result of some specified stress in the 
outer fibers. In addition, the ring provides a convenient 
means of studying and evaluating out -of -roundness not only 
in rings but also in cylinders. In a theoretical approach 
out -of -roundness may be represented very simply by a 
Fourier series; there is need for a simple, yet reliaDle, 
measure of out -of -roundness which has a practical value. 
Problem 



The authors have undertaken the task of obtaining and 



' ■ • 11 * •-> . 1 M . d.-t-u ... 

- n i •" ! i x ■ 1 r i i <v. ; a ft * l.iiu -..4X.A U .Hi .. .Jtv- 

: *r«rj ' £)V..J 4 9l eTs n .-d*L iot*.a»ivifje 

■■ iXX* J Vl^O>4l6 t.fir .XX.O* ^ Jb 

•ix** -3 t - r • 9i9w- .H ■ .e-. b < «m .^aii dux 

•• i tit lit' *ut -rt ^ ' * n 4., o. »X noXv ..1 

••J •»•<**£ *i X0‘. ; tos 3? i : rr i L ».■ j . l*’ &r. ox.< •_ x. - . • io 

*■ Oi'xtx' xoo - i«»t < 8i/xiT , » • • j * x:i»*cio 

»;•*./ Ii’"!.* o »*X'| ;’s i r ojeioL ;d Xt , n»X.* .i»7 vh'i e-iX 

V •/•XfU'O-r- . o- iro sn*>~>e 1 i i\«. 'o ob/.xjkuuc.** fill *i«* 
f^x ■ ’••Xi'jx*. 2 *t* X L--- %x eie.lX “rt Xt.:- . . vi "?i' eo*" otf 

-»0 .*(-•• yet liOXf-’ •XPX. 1 *'! Xo • t'ftf’TS . ''IP- 1 ' ri3 

* o . XT' 1 . -'.iiO X 1*CSLZ r -'X r r X- ‘ *X !» ’ ' -n< J f»n 

* u to-Xxo n. X' X ti i <>Jto 0 "xq> v ...• o? » a .] ,'aii • xtf 

X'. i ;x X-? ■. x . x •< na 9 la ;•*». uer.» ... #•: -rlx* : ,9 x. r 

? 4 -hJUj*.i ^.-X'.n#a X'.-me- f v« r-.. • >.n>i - • »♦.**#*. *.di«tO< 

■ .'t <•/ v l*'. f f d.'t . J ■ ' it — 'it • X*.,* • x 

d-'-x. :v . - ,;i «• • • i • . «i .0 „ 0 

- o .' r ”9' '•rxn -3* - : .rn u . tM<] vs ... \ ■ 1 r. > - » k , ... ^ 

•i*-. T • 1.4 - ' iw* .Ij V ..‘..'I nX V I ••• ■ » ‘.Ill; .iJt 

yt K mf *y >t • H** - - ."-Xx v 

,*X««.iX*‘. -’.i i tor I *•. ..x «"jr. ;•■«?. i-- ••XtioU 

j.' ui.ir.n-i . f |fc *v*i 1 • i , j.y. ■*, * 11 .. . -e 

»Hl< ) : { 

«•’ • X«tfdo It. 8^ rn ! •» •> X .■•< i.«' ivycul • iiT 



- 4 - 



evaluating experimental data of the type referred to above. 

Implied in this assignment are the following specific 
problems: 

1. The design and construction of a test apparatus 
which will permit the application of a uniform 
external load to an essentially free ring. 

2. The instrumentation of a ring such that the strain 
distribution may be determined. 

3. A comparison of measured strain distribution 
and failure loads with theoretical predictions. 

4. A review of experimental results for the purpose 
of pointing out the practical aspects of the 
ring buckling problem. 
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PROCEDURE 



Outline 

The procedure followed in this thesis is to be 
presented under the following subheadings: 

(a) Selection of Material for Construction of Rings 

(b) Manufacture of Rings 

(c) Ring Dimensions and Instrumentation 

(d) Design and Manufacture of Test Apparatus 

(e) Proof Test of Apparatus 

(f) Test of Rings 

(g) Test of Compression Specimens 

(h) Evaluation of Data 

(i) 



Correlation of Data 
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Selection of Material for Construction of Rings 

Rings were machined from a length of 9“ aluminum alloy 
(61S-T6 ) tubing of 1/4” wall thickness. The actual outside 
diameter as determined by the authors was 9.016". 

The decision to use aluminum alloy test rings was based 
upon the following considerations; 

1. To properly correlate measured and predicted strain 
distributions it was necessary to select a material 
in which the stress -strain relationship was 
essentially linear over a considerable range of 
3tress. Aluminum alloy 61S-T6 was suitable in 
this respect since the estimated 0.2# proof stress 
was 40,000 psi. (5) • 

2. The predicted failure press-ores for rings of 
reasonable diameter and thickness were satisfactory. 
Reasonable dimensions were defined as any diameter 
and thickness of tubing or pipe which was available 
and which could be accommodated by the facilities 
in the testing laboratory. A relatively high 
failure pressure was desirable in that sufficient 
accuracy could be obtained without the use of an 
extremely sensitive pressure measuring device. 

Yet the maximum pressure should not be so high as 
to require an excessively complicated and expensive 
test apparatus. 
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Manufacture of Rings 

The aluminum alloy tubing as received was cut into 
sections of 2 1/2" to 3 1/2" lengths. Out -of -roundness 
was then intentionally introduced in the majority of these 
pieces by placing the individual sections in a loading 
machine and applying a load. When the desired permanent 
set had been obtained the load was removed. Since essentially 
circular rings were to be machined from the remainder of the 
sections no deformation was introduced. In this manner a 
range of out -of -roundness was obtained which varied from 
u c = 0.007" in the tubing as received to u 0 = 0.29b" in 
the section with the greatest intentional deformation. 

As a result of the permanent set imposed, there existed 
an unknown residual stress at points stressed above the 
elastic limit. To insure linearity of measured strains over 
a maximum range, the sections were subjected to a solution 
heat treatment followed by the precipitation heat treatment 
required to obtain alloy 61S-T6. Uniformity of properties 
was insured by heat treating, as a group, all sections plus 
the material from which compression speoimens were to be 
manufactured. 

Wooden plugs about 1 inch in thickness were tailored 
to fit into one end of each section in order to facilitate 
final machining and to avoid distortion caused by the 
clamping jaws of the lathe. Rings of specified width were 
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then cut from the sections; this width was determined by 
a direct measurement of the clearance between tne surfaces 
of the annular test chamber in the completed test apparatus. 
The rings as cut were generally 0.444" to 0.446“ in width, 
the maximum deviation for a single ring being 0.001". 

The thickness of the rings remained the same as received. 

King Dimensions and Instrumentation 

The outside diameter of each ring was found by fitting 
a wire 0.01" in diameter around the outer circumference. 

The wire was scribed and then measured between the scribe 
marks on a 36" steel rule. An outside radius was computed 
by dividing the measured circumference by 2 VT and correct- 
ing for the thickness of the measuring wire. All radii 
thus determined were averaged to give a mean outside radius 
(4.508") for use in the computations. 

The measuring wire was scribed at Intervals of 30 degrees 
of arc length and again fitted around each ring. The scriDe 
marks were transferred to the aluminum alloy. For those 
rings in which deformation had been introduced care was taken 
to locate one of the scribe marks as close as possible to 
the point of maximum diameter. The twelve stations so deter- 
mined were designated 0° through 350° in 30° increments, 
with 0° at a point of maximum diameter. The thickness and 
width at each station were measured with small micrometers 
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while the outside diameter was measured at stations and half 
stations with large outside micrometers. 

Baldwin BR-4, type a- 7, strain gages were cemented to 
the inner surface of the ring at each station with the gage 
length along the circumference. Photograph No. 1 shows the 
strain gages in position on the ring after the leads had 
been soldered in place. The leads were passed through the 
bottom of the test apparatus and connected to the multiple 
selector switchbox which in turn was connected to the strain 
indicator. The dummy gage was attached to a scrap piece of 
aluminum alloy which was placed in the vicinity of the test 

apparatus. Beads from the dummy were connected to the 

! 

switch bbx. v 1 

Design and Manufacture of Test Apparatus 

The design of the apparatus and its associated equipment 
can be understood from photographs Nos. 2, 3» 4 and 
Figures I and II. The bucket pump had been previously tested 
up to a pressure of 1600 psi and was considered to be of 
sufficient capacity to supply oil to the pressure chamber 
enclosing the ring. 

The test apparatus was made by the Mechanical Engineer- 
ing Department machine shop at the Massachusetts Institute 
of Technology to plans and specifications furnished by the 
authors. It is to be noted that provision was made for a 
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Photograph No. 1 

RING WITH STRAIN GAGES AND LEADS 
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Photograph No. 2 
TEST APPARATUS 
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Photograph No. 3 
TEST APPARATUS 
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Photograph No. 4 

TEST APPARATUS WITH CATHETOMETER MOUNTED 
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figure. i 

TEST APPARATUS 
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viewing chamber which would permit inspection of the rings 
during application of pressure. The pressure gage was 
furnished by the Department of Hechenical Engineering, MIT, 
and calibrated by the authors. 

Proof Test of Apparatus 

Upon completion of the test chamber by the machine shop, 
the complete test apparatus as indicated in Photographs 
Nos. 2, 3, and 4 was assembled and proof tested by the authors 
Two preliminary test rings were machined from a section of 
the original aluminum tubing for use in this phase of the 
testing. 

To maintain pressure in the test chamber behind the * 
aluminum rings, s gasket of width slightly greater than 1/2" 
was placed around the outer circumference of the ring; 
several types of gasket material were tried. In eacn case 
the gasket material was cut to size, glued to the outer 
surface of the ring, and bound lightly by several strands of 
light string lying along the circumferenoe. The ring was 
then placed in the test apparatus and the upper Plexiglas 
surface and top web assembly were bolted down. Oil was 
pumped into the test chamber with the bucket pump end the 
eir vented through the air release tap. Pressure was built 
up behind the ring in the test chamber until, in most cases, 
the gasket material extruded between the Plexiglas surfaces 
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and the edges of the ring. As a result of these trials, the 
best gasket material for sealing the ring edges appeared to 
be a rubber gasket cut from an ordinary truck tire inner 
tube approximately 9 11 in diameter. This type of gasket was 
used throughout the remainder of the proof tests and the 
final tests. Pressures up to 875 psi. were maintained in 
the test chamber using this gasket. 

An Ames dial gage was mounted on the steel web assembly 
midway between the top inner and outer backing up rings to 
determine the maximum deflection of the Plexiglas surface 
as pressure was applied. A maximum deflection of 0.007" 
occurred at 875 psi. The deflection occurring at 500 psi. 
was of the order of 0.004". 

It became apparent during these tests that some type 
of lubricant was necessary to eliminate or reduce to a 
minimum the friction between the rubber gasket and the 
Plexiglas surfaces. Several types of lubricant were tried 
and the best found to be black rubber-to -metal cement. 

Strains at a particular station were found to vary with the 
lubricant and gasket material when the same pressure was 
applied. 

The cathetometer was mounted during the preliminary 
test phase and attempts were made to take deflection readings. 
Unfortunately the cathetometer proved impractical as a means 
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of reading deflection for several reasons, vis. 

1. The slight deflection of the upper Plexiglas surface 
distorted the ring as seen through the eye piece of 
the cathetometer. 

2. The use of black rubber-to -metal cement as a 
lubrioant obscured the aluminum ring in the test 
chamber when oil was introduced. 

The proof testing period was of infinite value to the 
authors in planning and carrying out the final tests of 
the circular and non-circular rings. 

Test of Rings 

One result of the proof testing was the formulation 
of a standard test procedure. As a consequence, the 
remainder of the tests were made in a minimum amount of time 
and with little difficulty. 

Uine rings were tested in accordance with the following 
steps: 

1. Leads were soldered to strain gages, threaded 
through the bottom of the test chamber, and 
connected to terminals on the back of the multiple 
selector switchbox. 

2. Black rubber-to -metal cement was applied to the 
rubber gasket and outer circumference of the ring. 
(Cement allowed to dry 3-5 minutes). 

The rubber gasket was slipped around the outer 
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circumference of the ring and secured in place by 
four strands of light string. The gasket was 
adjusted so that the bevels extended an equal 
distance beyond the edges of the ring. 

4. A thin film of #40 S.A.E. motor oil was applied to 
the inner Plexiglas surfaces. 

5. The ring was centered in the test chamber. 

6. The upper Plexiglas plate was slipped over the bolts 
and held down firmly by hand while the top web 
assembly was lowered into place. 

7. All bolts were tightened. 

8. Initial aero readings were set on all strain gages 
by adjusting switchbox set screws. 

9. Air was vented through the air release tap while 
the test chamber was being filled with oil from 
the bucket pump. 

10. Pressure in the chamber was increased in increments 
of 50 to 100 psi. depending upon the expected 
collapse pressure of the particular ring, 100 psi. 
increments being used for the more circular rings 
and 50 psi. increments for the more out -of -round 
rings. Strain gage readings were taken at each 
pressure increment. 

Because the collapse of the more circular rings 
occurred rather quickly, the pressure was maintained 
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momentarily at 5 psi. increments when the ring was 
near collapse. The collapse of a significantly 
out -of -round ring generally proceeded at a very 
slow rate. In this case the strain indicator was 
connected to read the maximum strain. Pressure was 
then increased i:a steps of 5 psi. or smaller, each 
pressure feeing maintained until the strain indica- 
tion steadied. 

12. When the strain indicator needle did not steady, 
failure occurred. Failures in the more circular 
rings were evidenced fey sn immediate drop in 
pressure and obvious deformations. 

Collapse pressure was thus defined as that pressure 
at which static strains could not fee maintained. Complete 
failure of all rings was characterized by large, visible 
deflections regardless of the rate at which collapse proceeded 
once complete failure occurred the ring would not again 
sustain collapse pressure. 

Test of Compression Specimens 

The stress-strain curve fer the material used in the 
fabrication of the rings for this investigation was deter- 
mined fey means of the “Single Thickness” compression test 
method. Three specimens of tne aluminum alloy (61S-Tb) 
were tested in the compression block as indicated in 
photographs Nos. 5 and 6. A complete description and 
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Photograph No. 5 

HUGGEN BERGER TENSOMETSRS MOUNTED 
ON SPECIMEN IN COMPRESSION BLOCK 
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Photograph No. 6 

COMPRESSION BLOCK IN LOADING MACHINE 
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bibliography for this method is given in reference lb). 
Compression tests in general are also discussed in 
reference (5)« 

Evaluation of Data 

All data obtained during the testing period can be 
grouped as follows: 

1. Dimensions 

2. Pressure at which strains were recorded 

3. Pressure at which ring collapsed 

4. Strain readings 

5. Compression Specimen test data. 

With one exception all dimensions recorded were taicen 
with micrometers and can be considered accurate to 0 . 0005 ". 
The circumference, as determined by the scribed wire, was 
read to the nearest 1/128" on the steel rule. However, the 
authors felt that the accuracy was of the order of 1/64", 
one scale division. The accuracy of the average outside 
radius then becomes 0.0025"* 

The pressure gage was calibrated by the authors prior 
to the tests using a dead-weight tester. Two calibration 
runs were made using increasing pressures and two with de- 
creasing pressures. The maximum deviation from true was 
found to be 4 psi.; the largest difference between an up 
reading and a down reading for the same true pressure was 
also 4 psi. Used in conjunction with a calibration curve 
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the gage was considered to be accurate to + 2 psi. elthougn 
the accuracy was considerably better over most of the 
pressure range* During the tests the indicated pressure 
could be held fairly constant. An accuracy of plus or 
minus one half a scale division (+2 1/2 psi.) is probably 
conservative but will be assumed. The accuracy oi the 
recorded pressures at which strain readings were taken 
then becomes +5 1/2 p3i. 

With one additional consideration the above remarks 
also apply to the accuracy of the recorded collapse 
pressures. The collapse of rings with significant amounts 
of out -of -roundness occurred rather slowly. It would seem 
that the pressure could be inadvertently increased above 
the true collapse pressure, the only effect being an 
accelerated failure. However, in these instances the strain 
gage indicating the greatest strain was checked at small 
increments of pressure when the ring was near collapse. 

The pressure was not increased further until the strain 
gage reading steadied. In the authors’ opinion the point 
of collapse was accurate to - 5 psi. for the very non- 
circular rings. On the otherhand, failure of tne more 
circular rings ooourred rather quickly. During the latter 
portion of a test run it was customary to pause momentarily 
at each 5 psi. increment of pressure. Again the axithors 
estimate that the point of collapse was accurate to - 5 psi. 
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Considering both the accuracy of the pressure reading and 
the point of failure, the recorded collapse pressure is 
believed to be within - 10-1/2 pel* or + 5-1/2 psi. of true. 
The aecuraey of the strain gages used, as stipulated 
by the manufacturer, was +• 2f., The transverse sensitivity 
correction was insignificant, being of the order of 
- 0,05#* An accuracy of one half the smallest scale division 
on the strain indicator, 5 micro-lnohes per inch , is 
generally assigned to the switchbox-indicator combination. 

As a practical expedient plots of out-of-roundaess 
which are presented in the RESULTS were derived in the 
following manner; the average diameter was subtracted from 
the measured diamtter at stations and half stations; the 
difference was divided by two and plotted at diametrically 
opposite stations. It is to be appreciated that this method 
will define a symmetrical out-of-roundaess curve but is 
truly representative of the initial configuration only when 
a symmetrical two lobe pattern predominates. 

Correlation of Data 

The experimental data is compared to theoretical pre- 
dictions based upon the following formula: 

(x „ ZJL - !■■?-?. , u Q.,..g.?* J:£ (1) 

h (i _ P/P cr it , ) 

Equation (1) was developed for the case of circular tubes 
in reference (4) but applies equally well to rings; the 
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assumptions made in the derivation may be found in the 
same reference. The major qualifications are that the 
ring be thin and that the initial configuration be given 
by IR + u Q cos 26). 

.For purposes of computation the authors found it con- 
venient to rearrange and modify equation (1) 



^ K*o 

* - — + 



PHp 

Eh + 



6 1 Ru 0 h E cos 2 0 
Eh3 - 4PR 3 

6 P Ru 0 h cos 2 0 
E h 5 - 4I'R^ 



(2) 

(3) 



Equation (2) was derived directly from equation (1) by the 
substitution of 3 iti^/12 for P or it.» R 0 for R, and rearrang- 
ing. Equation (3) is obtained by. dividing equation (2) by 
E. The use of the outside radius, R Q , instead of the 
radius to the neutral axis, R, in the hoop stress term 
seemed well taken but changed the predicted strains an in- 
significant amount. 

A common criteria for failure is yielding of the outer 
fibers due to the addition of hoop stress and the maximum 
bending stress. Then as a basis for comparison of experi- 
mental and theoretical collapse pressures in those cases 
where the out -of -roundness pattern is u Q cos 2 0, equation 
(2) can be reduced to 



<r 



+ 



6 PR u 0 h E 
Eh3-4PR 5 



max 



PRo 

h 



(4) 
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When & is assumed to be equal to & the pressure 
m©x • 

as determined by equation (4) is then the theoretical 
collapse pressure. 
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III 

RESULTS 

All results presented in this section were derived irom 
data obtained by the authors. 

Figure III is a plot of the data obtained during the 
compression tests of the aluminum alloy specimens and from 
which the value of Young's Modulus and the yield stress were 
determined. 

Figure IV shows the results of the preliminary test which 
was made to determine the effect of various lubricants and 
gaskets upon 3train. lubricant #1 was black rubber-to-metal 
cement; lubricant #2 was clear rubber cement. Gasket #1 
had been used during the Proof Testing; Gasket #2 was of 
the same dimensions but had not been used previously. 

Figures V, VIII, XI, XIV, and XVII show measured and 
theoretical circumferential strain distributions for 
one or more pressures. Theoretical curves are based upon 
equation (5)» 

Figures VI, IX, XII, XV, and XVIII are plots of 
out -of -roundness versus circumferential positions. 

Figures VII, X, XIII, XVI, and XIX are plots of ring 
thickness versus circumferential position. 



Figures XX-XXVI are a comparison of measured and pre- 
dicted strains. The experimental points are an average of 
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strains read at the 0° and 130° positions, and 90 ° and 
270° positions. The theoretical curves are based upon 
equation (3)« 

Figure XXVII shows experimental collapse points plotted 
on arguments of pressure and the ratio of out -of -roundness 
to average thickness. 

Figure XXVIIlX is a comparison of experimental collapse 
pressures with several theoretical predictions. All 
theoretical curves are based upon equation (4). They differ 
in that Curve A is plotted for = ^y = 35,000 psi. 

and h = h ave = 0.250"; Curve B is plotted for 
^max = 41,000 psi. and h = h uve# = 0.250"; Curve C is 
plotted for - 41,000 psi. and h = h ffiln< = 0.243". 
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figure he 

STRESS STRAIN CURVE 
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Figure IT 

CIRCUMFERENTIAL STRAIN DISTRIBUTION ON INNER SURFACE 
RING NO. 2 u c - 0.0118* 




Figure 1 UL 

INITIAL configuration 
RING NO. 2 




Figure JHL 

VARIATION IN THICKNESS 
RING NO, 2 
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Figure V ILL 

CIRCUKFSRENTLkL STRAIN DISTRIBUTION ON INNER SURFaCB 
RING NO. 3 u 0 = 0.0268** 
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Figure ZKL 

INITIAL CONFIGURATION 
RING NO. 3 




Figure X 

VARIATION IN THICKNESS 
RING NO. 3 




33 



Figure y/ 

CIRCUMFERENTIAL STRaIN DISTRIBUTION ON INNER SURFACE 
RING NO. 5 u 0 • 0.0705" 




Figure X LL 

INITIAL CONFIGURATION 
RING NO. 5 




Figure Jt/lC 

VARIATION IN THINCKNESS 
RINC NO. 5 
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Figure X/K 

C I HCUMF £H£NT IAL STRAIN DISTRIBUTION ON INNER SURFACE 
RING NO. 6 u 0 * 0.075" 
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Figure X y 
INITIAL configuration 

RING NO. 6 




Figure X lZ7 

VARIATION IN THICKNESS 
RING NO. 6 
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INITIAL CONFIGURATION 
RING NO. 7 
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Figure XX 

COTTAR! 1CN CF ’'ZATriZJ AT"D nSOTTTICAL strains 
RT'’0 '’0. 3 Uq - 0.027* 
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Figure JQCZ 

CGMl^RISON OF INSURED liK D THEORETICAL STRAINS 
RING NO. 4 u 0 • 0.048" 
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Figure XX Li 

cufcp^.uju; of ^aSU^i .jjr tkjSu^tic^l oT.uins 

.{I KG NO. 5 u G = 0.070 M 




Figure MEL 

COyiPnHISON OF MSASURSD ,iNL THiSl a2?IC^L STiUINS 
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HlwEsaZ 

CU'JWIoUN OF M&tSUrtBD .Jlli THifit KETIC^L iT.Uirj 
KING NO. 7 Uq — 0.1'O5" 
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IV. 



DISCUSSION OF RESULTS 



Introduction 

For convenience and continuity, the experimental 
results may be grouped in the following sequence: 

1. Results of Compression Tests 

2. Proof Test Data 

3. Circumferential Strain Distributions 

4 . Maximum Strains 

5. Collapse Pressures 

This classification is convenient in that the signif- 
icance of any group depends to some extent upon the inter- 
pretation and validity attached to one or more of the 
preceding groups. 

Results of Compression Tests 

The results obtained from the compression tests were 
probably the most significant factors in the correlation 
of experimental and theoretically predicted quantities. 

The data obtained from the tests of the specimens 
were surprisingly consistent, bee Figure III. Values 
of strain correlate particularly well at high stresses 
where some deviation might be expected. The possibility 
of introducing rather significant errors during tne 
resetting of the Huggenberger Tensometers was considered, 
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but a review of the data indicated that increments of strain 
before end subsequent to a reset were consistent. Tnat the 
stress-strain curve shown in figure III is representative 
of the alloy from which tne rings were manufactured is 
implied in preceding sections. Appreciating the fact that 
the proof stress and ultimate strength of aluminum alloy 
varies considerably with the details of the heat treatment 
and possibly the original lot number, the authors specified 
that the specimens be obtained from the length of tubing 
from which the rings were manufactured and that all rings 
and specimens be heat treated as a group. 

Young's Modulus, as determined from tne stress-strain 
curve, was 10.8 x 10^ psi. and can be compared to 
E = 10 x 10^ psi., the value generally given in handbooks. 

In the authors' opinion, Figure III justified tne assumption 
of a linear stress-strain relationship up to a stress of 
54,500 psi. and a 0.2 % proof stress, designated yield stress, 
of 35,000 psi. Furthermore, it is to be noted that a very 
distinct departure from linearity did not occur until a 
stress of about 41,000 psi. was obtained. 

These properties were commensurate with those 
characteristics considered most desirable in the material 
from which the rings were made. The existence of a linear 
stress-strain relationship over a large range of stress 
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permitted most of the experimental strains to be compared 
directly with predictions based upon equation (2) without 
the complication of a decreasing modulus, for extrapola- 
tion of the results to steel rings, a plateau corresponding 
to a true yield stress was desirable. Although the authors 
did not anticipate such similarity at the time aluminum 
alloy was selected, the upper portion of the stress-strain 
curve is in most respects analogous to the compression test 
curves obtained for mild steel specimens tested by 
M. L. Pittman, «Jr. , and V. W. Rinehart (7). 

It may be argued that the remainder of the results 
would have been of no consequence without t.he stress-strain 
data. The use of a standard stress-strain curve for 
aluminum alloy 61S-T6 would have involved an 8$ error in 
Young’s Modulus and a 14 % error in the proof stress. 
Furthermore, the shape of the curve above the proof stress 
is valuable when analyzing the failure of a ring. 

Proof Test Data 

The authors have stated that the measured strains at 
a specified pressure were dependent to some extent upon 
the gasket and the type of lubricant used between the 
gasket and the Plexiglas surfaces, figure IV shows this 
effect quantitatively. Black rubber-to-metal cement has 
been designated Lubricant #1 and clear rubber cement as 
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lubrlcant $2. Although Lubricant if l was considered most 
suitable on the basis or ©. preliminary investigation which 
has been described, Lubricant $2 appeared to be a reasonable 
second choioe. The two gaskets were of the same dimensions 
and material but differed in that Gasket #1 had been used 
several times before while Gasket jf2 had not. Relative 
to Gasket $2, Gasket #1 was very limber and appeared to 
have a slick, oily surface. 

As shown by Figure IV the largest measured strains 
were attained with Lubricant #1 and Gasket #1. Lubricant 
#1, Gasket $2 were next in magnitude of strains while 
Lubricant # 2 , Gasket #1 gave the smallest measured strains. 
Considered as percentages, the differences in strains are 
quite significant. The authors reasoned that the gasket 
end lubricant were able to affect the strains by changing 
the magnitude of the friction force acting at the gasket- 
Flexlglas interface. 

Cn the basis of the results indicated by Figure IV, 
the authors elected to use a well broken-in gasket in con- 
junction with Lubricant #1 for the remainder of the tests 
since this combination more nearly satisfied the require- 
ment that the ring be completely free of restraint at the 
edges. 



A thorough investigation of the friction force at the 
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gasket -Plexiglas interfaoe should be a prerequisite for 
further experimentation based upon this thesis. The 
objectives of such an investigation should De a considera- 
tion of all likely gaskets and lubricants, a comparison of 
possible combinations with respect to effect upon strains, 
and a quantitative evaluation of the coefficient of friction 
characteristic of given combinations of gasket, lubricant 
and pressure. 

Circumferential Strain Distribution 

figures VI, IX, ill, XV, and XV III show typical out- 
of-roundnesa curves. Of the rings shown in this group, all 
were deformed intentionally with the exception of King No. 2, 
figure VI. It is significant that the out-of-ro\mdness 
obtained in Ring No. 2, while purely arbitrary, is very 
similar to a configuration given by u c cos 2 6. The remainder 
of the plots are characterized by rather steep peaks in the 
vicinity of the minimum diameter and shallow peaks at points 
of maximum diameter. It is to be noted that the steep peaks 
occurred at points where the deforming loads were applied 
by the loading machine. The configurations are, however, 
reasonably similar to a cosine curve of the form u 0 cos 2 0. 

Figures VII, X, XIII, XVI, and XIX show the variation 
in thickness versus circumferential position. It is apparent 
that the relation of thickness and out -of -roundness at a 
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particular station is completely erbitrary. In general, 
the difference between minimum end ri&xiisua. thickness is of 
the order of Q.02*. Since the out -of -round plot is derived 
from the diameters read to the outer circumference, toe 
corresponding configuration of the neutral axis » r.oy be 
assumed to deviate slightly from that of the plot. Since 
sections of thickness greeter than average were gen '’rally- 
opposite sections of less then average, the effect of this 
deviation upon the measured value of u 0 is assumed to be 
of no consequence except in the circular rings. During 
a preliminary reduction of data the authors considered 
the effect which a variation in thickness night hove upon 
the plots of out-of-roundnoss and predicted strains. The 
plot of ou t -o £ -roun&ne s n for ding, No. 2 was cite reel to a 
minor extent. The plots for other x'lngs wore affected an 
insignificant amount. Correlation of measured and predicted 
strains was not Improved. 

With respect to circumferential strain distributions 
essentially three types of results were obtained, figure V 
shows an arbitrary distribution while figure XVII shows a 
well defined cosine distribution. King No. 2, Pigure VIII, 
appears to combine, some of the characteristics of the 
first two types. 

The arbitrary distribution occurred in those rings 
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which were essentially cii'cular. The theoretical curve 
shown in Figure V is a plot of equation (3) with the 
measured out -of -roundness at a particular position substi- 
tuted for u 0 cos 2' 0 and with h = h ave = 0.250“. A point 
of interest is the fact that the small peaks which are 
visible at low pressures define a pattern which would seem 
to persist up to the maximum pressures obtained. The 
pattern is characterized by a relatively constant strain 
over 60° or 90 ° of the circumference and a fluctuating 
strain over the remaining 300 ° or 270°; the fluctuations 
are a reasonable representation of two cycles or a cosine 
curve. The fact to be observed is that correlation 
between out -of -roundness and strain distribution is com- 
pletely lacking. 

subsequent results demonstrate quite clearly that 
theoretical and measured strains agree satisfactorily when 
the initial configuration assumed in equation (3) is 
actually obtained in the ring. It is possible, then, that 
the method of measuring out -of -roundness was not sufficiently 
accurate in the case of King Ho. 2. In appraising the 
out -of -roundness measurement, it is convenient to visualize 
the initial configuration of the ring as a series of the 
form Ro + uo cos 2 9 + ul cos 3 0 + U2 cos 4 9 - - - 
u n cos (n + 2) 6. The measurements from which Figure VI 
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was obtained reflect only those terms of the form 
uo cos -2 0, u 2 cos 4 0, U4 cos 6 0, etc. It is to be 
observed that of these terms Uq cos 2 0 appears to pre- 
dominate. Nevertheless, the assumption of a simple contour, 
R 0 + u 0 cos 2 9, in equation (3) may not be justified since 
the effect of odd terms (u, cos 'j 8, U5 cos 5 9, etc. ) is 
not indicated by Figure VI. On the other hand, the effect 
of this omission upon the predicted strain distribution is 
not so serious as might be expected. If a relation cor- 
responding to equation (3) is derived assuming a configura- 
tion such as K 0 + u, cos 3 9, it will be found that the 

maximum bending stress is proportional to t-tttt — where 

1 " i/1 crit 

^crit is Vhe buckling pressure of a circular ring into 
ln+2) lobes. The buckling pressure, P C rit» increases 
rapidly with the number of lobes; thus the value of P'crit 
for a two-lobe collapse is three-eights of P C rit for & 
three lobe collapse and one-fifth of Pcrit for a four 
lobe collapse. Consequently even if u^, Ug, , etc. are 

comparable in magnitude to u 0 the effect upon the strain 
distribution will be considerably less since the bending 
stress is governed by . In view of these Tacts 

1-P/Pcrit 

the arbitrary strain distribution appears to be the result 
of a rather complicated combination of inadequate measure- 
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ment, variation of thickness, and localized surface 
irregularities or dents. 

It follows, however, that a more thorough investiga- 
tion of essentially circular rings is warranted. Rings 
could be machined as circular as possible and to a close 
tolerance in thickness. If the initial contour were then 
determined precisely, it would be possible to evaluate tne 
effect of deviations from a basic two lobe pattern such as 
that given in figure VI. It is the authors' opinion that 
under these circumstances the method of measuring out-of- 
roundness used in this thesis would prove useful as a 
practical measure, especially at high pressures. 

Ring Wo. 3 appeared to be the borderline case. With 
reference to Figure VIII it is apparent that the circum- 
ferential strain distribution at 400 psi, deviated con- 
siderably from the theoretical curve, equation (3) witn 
h - h a ve = 0.2bO B . The distribution is not a clearly 
defined cosine curve, and the magnitude of the strains are 
generally below tne predicted values. On the other hand, 
at 4^0 psi. there was a visible deflection of the ring and 
the strain distribution assumed a form which, except for a 
4°-8° phase shift, compared favorably with predicted values. 
At 400 psi. the deviations from a pure cosine curve are of 
the same character as the superposition of harmonics upon 
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a fundamental wave form. Here It is possible to reason 
that the terms u-^ cos 3 9, u^ cos 4 9, etc. are significant 
relative to the basic two lobe pattern given by 
H 0 + u 0 cos 29. At 420 psi a two lobe strain pattern was 
clearly predominate; this would be expected since as the 
pressure approaches Pcrit for the two lobe collapse pattern, 
the bending strains become significantly greater than cor- 
responding strains resulting from the superposition of 
other basic configurations, however, in view of the added 

complication of the thickness variation and possible 

\ 

localized irregularities the authors do not feel justified 
in attributing the entire cause of the deviations to an 
inadequate out -of -round measurement. Again it is suggested 
that the effect of any deviation from a basic two lobe out- 
of-round pattern requires further investigation. 

The last type of strain distribution, the clearly 
defined cosine curve, is exemplified by Kings No. 5 and 7, 
.Figures Al-XIII and XVII-XIX. With the exception of 
Ring No. 6, the plots are typical of the results and corre- 
lation observed in Rings No. 4-9. Despite the peaked out- 
of -roundness curve and the variation in thickness, xne 
correlation of measured and predicted strains is excellent, 
i'he manner in which the initial peaks of the strain curve 
progressively increase in amplitude is clearly demonstra- 
ted in Figure XVII. Any deviations from the basic two 
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lobe pattern were insignificant at all pressures. 

The test of Ring No. 6 differed frora the others in 
that the Plexiglas surfaces were coated with black rubber- 
to-metal cement before the ring was placed in the test 
chamber. The gasket and outer surface of the ring were 
coated in the usual manner. This deviation from the usual 
te3t procedure was made in order to determine whether or 
not the friction between the gasket and Plexiglas oould be 
reduced still further. The results of this test are shown 
in .Figure XIV. The correlation of measured and predicted 
strains should be compared with that obtained in Figure XI 
since Kings No. 5 and b were of comparable out -of -roundness, 
Uo = 0.0705“ and u Q = 0.075“ respectively. Where excellent 
correlation was observed for King No. 5, the maximum strains 
in Ring No. 6 were as much as 40 ?& above the predicted values. 
This discrepancy cannot be explained by the authors. Were 
it not for the fact that the results of Rings No. 4, 5 f 7, 

8, and 9 consistently plotted along the predicted strain 
curves, it might be assumed that in all cases otner than 
King No, 6 a significant restraining force wa3 present at 
the gasket-Plexiglas interface. The fact that such con- 
sistency does exist would imply that the test of King No. 6 
was faulty in some respect. The results definitely indicate 
a need for further investigation of the friction force at 
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the gasket -Plexiglas interface, such as suggested previously. 
Maximum Strains 

In those rings which v;ere intentionally deformed strain 
gages were placed at points of maximum (0° and 180°) and 
minimum (90° and 270 °) diameters. Tne strains at 0° and 
180° were averaged and plotted for Kings Ho. 3-9 on tne 
right side of figures XX - XXVI. Similarly, the average of 
the 90° and 270° readings are shown on the left side of the 
same plots. The theoretical curve is simply a plot of 
equation (3) with cos 2 0 equal to plus or minus one and 
h = h a ve. ~ 0.250'*. The strains at 0° and 180° are parti- 
cularly important in that they are normally used in the pre- 
diction of a collapse pressure; consequently, the strains 
at these positions are given added consideration. 

With the exception of Kings Ho. 3 and 6, the correlation 
of measured and theoretical strain is entirely satisfactory. 
On the pressure scale the corapi'essive strains are generally 
within a range of +5-1/2 psi. of the theoretical curve; 
this was the assumed accuracy of the recorded pressure. 

The tensile strains always appear below the theoretical 
curve; if the modulus of elasticity in tension were assumed 
to be slightly below 10.8 x 10 b psi. the tensile strains 
would also correlate. In view of the consistency noted 
in Figures XXI, XXII, XXIV, XXV, and XXVI, the authors are 
Inclined to think that this might actually be the case. 
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In a sense Rings Ho, 3 and 6 were special cases. as 
pointed out Ring Ho. appeared to be the dividing line 
between configurations in which the two lobe out-or roundness 
pattern predominated and those which were affected by varia- 
tions in thickness, harmonics, and/or local irregularities 
such as a small dent or gouge. Figure XX shows clearly 
that the measured strains were considerably below tne pre- 
dicted values up to a pressure of 400 psi; at this point 
the measured strains literally jumped to the theoretical 
curve. Figure XX tends to substantiate the remarks made 
previously; that is, in practical cases oi out-of-roundness 
a two lobe configuration derived simply and directly may 
allow prediction of strains of acceptable accuracy at suf- 
ficiently high pressures, but further worK is required 
before complete justification is obtained. 

Figure XXIII shows merely that measured strains for 
Ring Ho. 6 were larger than the predicted strains over tne 
entire range of pressures. The consistency lends some doubt 
to the authors* contention that the test may have been 
faulty. 

In conjunction with the considerations of circumferential 
strain distribution, the results above indicate quite clearly 
that equation (3) is valid within the qualifications of the 
derivation; this conclusion is besed upon the behavior of 
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Ring3 No. 4, 3, 7, 0, and 3 m which the assumption of a 
configuration R 0 + u 0 cos 2 0 was obviously justified. 
Collapse Iressure 

Figure xXVII shows the collapse pressures of the nine 
rings plotted versus the ratio of out -of -roundness to 
average thickness and serves to identify the points shown 
on Figure XXVIII. The single curve is a plot of equation 
(4) with ^~ max * 35,000 psi. Figure XXVIII is more informa- 
tive in that several variations of equation (4) are plotted; 
the values of and h which apply to each curve are 

indicated in the legend. 

Poregoing results (see Figure V) indicate that Rings 
No. 1 and 2 did not assume a two lobe configuration until 
the ring was in the process of failing completely; if a 
stable two lobe pattern existed it was possible over a very 
small range of pressure. Regardless of the cause of the 
random strain distribution, Figure XXVIII demonstrates 
clearly that the failure of Rings No. 1 and 2 could have 
been predicted by equation (4) in which ^max is 41,Q0u 
psi and h = h ra ^ n# = 0.243“. 

There are two ways in which to view these results. 
First, it would appear that the minimum thickness, u c as 
measured, and the point at which the stress-strain curve 
departs significantly from linearity are the only factors 
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to be considered; hence, the use of equation (4) would be 
Justified. This line of reasoning would infer that previous 
remarks relative to the importance of the basic two lobe 
configuration are entirely correct and that in practical 
cases of out -of -roundness one could neglect out -of -round 
other than that indicated by a simple consideration of 
diameters. On the other hand it is possible to reason that 
the variation in thickness was actually not significant; 
this statement could be based upon the collapse pressure 
of Kings No. 3, 4, and 5» Then the occurrence of collapse 
below the predltlon based upon average thickness would be 
explained in terms of stress introduced by a superimposed 
but undetected configuration or by local irregularities. 

The authors can conclude only that in this case of practical 
out-or-roundness and arbitrary strain distribution the 
collapse was predicted by equation (4) using minimum thickness 
and ^ ax = 41,000 psi. 

Kings No. 3, 4, and 5 differed from Rings No. 1 and 2 
in that a clearly defined cosine type strain distribution 
was observed before failure. In each case the strain peaks 
corresponded to peaks in the out -of -roundness plot, further- 
more, the progressive failure which occurred in these rings 
may be contrasted to the rather sudden collapse of Rings 



No. 1 and 2. 
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Figure XXVIII shows that Rings Mo. 3, 4 , and 5 coliapsed 
at pressures very near to predictions given by equation ( 4 ) 
with Eiajc = 41,000 psi and h = h &ve> These results seem to 
justify the argument above that the variation in thickness 
in itself was not significant and that the behavior of 
Rings No. 1 and 2 should be explained on the basis of 
harmonics and/or local irregularities. Nevertheless, the 
authors* only conclusion is that for rings of u 0 /h from 
0.10 to 0.30 equation ( 4 ) y w'nen used with the stress at which 
marked departure from linearity occurs^will predict quite 
accurately the failures in those rings where an initial 
configuration of H 0 + u 0 cos 2 0 is predominate. 

Rings Mo. 7, 0 , and S collapsed at pressures consistently 
above the predicted collapse pressure. Furthermore, stable 
configurations were obtained in which the maximum compressive 
stress was considerably above the yield point. Obviously as 
u 0 increases, the criteria used in computing the collapse 
pressure becomes more conservative. This result is explained 
by the fact that the hoop stress upon which the bending stress 
is superimposed was less at the time yielding occurred in 
the outer fibers; in addition, the change in stress with 
respect to pressure was also less in the rings of greater 
u 0 when tnis yielding began. Then to obtain instability in 
rings of greater out -of -roundness a larger increase in 
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pressure was required beyond the point of initial yield 
in the outer fibers. The authors conclude that for values 
of u 0 /h greater than 0.30 and less than 1.10 the predicted 
collapse pressures are somewhat conservative but would Ce 
considered satisfactory for usual engineering design. 



-Vr 



1 i; ' h» 

‘ ' ' 1 * 1Q '' “ ' '* «• <»**, **} *•> , % , , mf 

' : 11 ' J - 1 **• *•• '• . • • • lv . 

” C,it> 1 ■ /£ ”^’ •'•' • t*Cl*W n4 . 

. l U»I A ; 1,. t*i •«*> 









-!?b- 



V. 

CONCLUSIONS 

1. Tile properties or aluminum alloy 61S-T6 were particu- 
larly well adapted to the objectives of this thesis. 

2. The most significant problem encountered in the method 
of experimentation was the reduction of friction at the 
gasket-Plexiglas interface. 

3. The relation for predicted strains in thin rings, 
equation (3), is valid when the assumed configuration, 
Ro + uo cos 2 9, is obtained. 

4. In those cases where the equation for predicted strains 
is valid and the value of h/D is 0.0285 a failure 
criteria based upon the stress level in tne outer 
fibers predicts quite accurately the collapse of thin 
rings in which u 0 /h is between 0,10 and 0.30. For 
values of Uo/h between 0.30 and 1.10 the criteria is 
somewhat conservative but not to an extent which would 
be considered over-cautious in engineering design. 

5. Prom the general trend of the experimental collapse 
pressures as u 0 /h decreases, the authors conclude that 
the collapse pressure predicted for perfectly circular 
rings by the Levy Formula, Pcrit = - - ? — 



is valid. 
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VI. 

HEGCMldENDAT IONS 



1. Alumina alloy 61S-T6 should be used In any extension 
of the experimentation described in this thesis. 

2. A thorough, quantitative investigation of tne friction 
at the gasket -Plexiglas interface should precede any 
further use of a test apparatus such as that described 
herein. 

3. An investigation should be made for the purpose of 
determining the effect of deviations from a basic two 
lobe pattern as measured in this thesis. The rings to 
be investigated should be of constant thicimess and 
the initial configuration should be known precisely. 

4. A series of rings, machined as circular as possible 
and to a close tolerance in thickness, should be 
tested in order to further substantiate the Levy 
Formula. 

3. It is recommended that the scope of this experimenta- 
tion be extended to include commercial shapes such as 



I or H sections 
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AFPEIIDIX A 

Details of Procedures 

Selection of Material fo r Construction of Kings 

Initially the authors considered the possibility of 
using steel in the manufacture of the rings. A length of 
centrifugally cast steel tubing of 18“ outside diameter and 
1-3/4° wall thickness was available. However, the expense of 
constructing a test apparatus to accommodate steel rings 
was considered prohibitive in view of the uncertainty of 
the results. Furthermore, it was felt that the visual test 
chamber made possible through the use of Plexiglas would be 
of tremendous advantage during the test phase; this innova- 
tion was not considered feasible in the preliminary design 
of an apparatus to accommodate the pressures necessary to 
collapse steel rings. 

The use of plastics was also given consideration. Tne 
various types of plastics were gradually eliminated ror one 
or more of the following reasons: 

1. The relatively low modulus of plastics resulted 
in very low predicted collapse pressures. 

2. The ultimate strength was generally low relative 
to available metals. 

3. The extent of a linear stress -strain relationsnip 



was limited 
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'l'hese considerations indicated that the range of pressures 
over which useful data could be obtained was very limited, 
and, further, that the accuracy of the results would be 
questionable unless extreme precautions were taken in instru- 
mentation. 

As noted in Section II, aluminum alloy 61S-T6 appeared 
to satisfy the requirements of moderate collapse pressures, 
an essentially linear stress-strain relationship over a 
considerable range of stresses, and availability. 

Manufacture of Rings 

As pointed out in Section II the aluminum alloy tubing 
as received was cut into lengths several times the intended 
width of the test rings. Alternatively, the rings could 
have been machined to final dimensions. However, it is 
rather doubtful that the edges of the finished ring would 
have remained planar after the ring had been subjected to 
deformation in a loading machine and a heat treatment. A 
ring warped in this manner would tend to bind against the 
plane sides of the annular test chamber within the test 
apparatus. Consequently, the machining of the rings to 
the specified width was scheduled as the last operation in 
the manufacturing process. 

The heat treatment of the aluminum alloy was accomplished 
by the Forge Shop, Boston $aval Shipyard. Specifically, the 
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solution heat treatment consisted of a two hour soaring 
period at 970° F followed by a rapid quench in hot water 
at 180°F. The hot water quench was specified as an 
additional precaution against residual stresses. Actually 
the danger of residual stresses was not particularly 
significant in view of the rather thin thickness of alloy 
being quenched; nevertheless, the precaution was considered 
worthwhile since a hot water quench does not reduce the 
tensile properties appreciably below those obtainable with 
a cold water quench. The quench was followed by a precipi- 
tation heat treatment at 550°? for eight hours. The 
characteristics of aluminum alloy 510-T6 as given in 
reference (5) are: 

Tensile Strength 45,000 psi. 

Yield Strength 40,000 psi. 

E, Young’s Modulus 10xlQ c psi. 

Upon inspection of the sections after the heat treat- 
ment, it was found that the magnitude of the out -of -roundness 
introduced had not changed by any significant amount. 
Instrumentation 

The requirements placed upon the type strain gage 
selected were that the gage be small enough for mounting in 
the space available and that the gage length be sufficiently 
short with respeot to the strain gradient. The SR-4, type 
A-7, strain gage satisfied these requirements. The gages 
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could be easily mounted within the width of the ring, and, 
furthermore, a 3/16" gage length was entirely adequate since 
the predicted stress gradient in the vicinity of points of 
maximum stress wa3 very small. 

A multiple selector switchbox was used to facilitate 
reading the strain indications. The switchbox was con- 
structed to permit the operator to set the same initial 
reading on all strain gages. 

Design and Manufacture of Test Apparatus 

The primary concern of the authors in the initial design 
of a test apparatus was the application of a uniform pressure 
on the outer surface of the rings without the introduction 
of restraining forces on the ring edges. An annular test 
chamber appeared to be the most suitable in this respect. 

The annulus was designed such that the tolerance between the 
surfaces and the edges of the ring would be exceedingly 
small, i.e., order of 0.001-0.002". This would facilitate 
sealing and yet the ring would remain “free floating" so 
to speak. Prom preliminary calculations based on the Levy 
formula for the collapse of 9" diameter aluminum rings or 
the 1/4 inch thickness, it was estimated that the test 
chamber would be subjected to a pressure of approximately 
500 psi. Because Plexiglas is beautifully clear and can 
be obtained in large thick sheets with polished surfaces, 
it was decided to design the test annulus with upper and 






, r . % , ' ■ o 1 ’i f V 

•o x v - • 1 1 *1 »■<» * iSr v "*I\.T - '• • : '<1^1 

lo :-XnXo Xu . .. 2 Xi Alfxm r e • r.,1 

«-!*•« * SV ' • - . .Xj > y 

•'-■'111 •X X ft#cif f »?x f * r ••• • . ,Xn.f * 9l:l.fJor a 

-s'.oC) -:*w , u -:X'./» * T .ft TlXfc-UluiX ni.i i :rii .«nif.vs..*T 
I i*ui *• s^X Xoa oX -a • #rf< ?. e? oX .tiiotnie 

. •■ '“iv nJ xt -I* .vo .. .ei 

gird •.lag X&el l~ r-Tjjjo . i L r . ^x e - ■■ 

i- ' i Mli^i s 0 X ‘i §riX lo r’lsococ ix; c.jX 

-i. 'e-x; xoJX'. - lo - oxXeoiI , q* sox f«w »i: • - : ■ i-- 

*voxdoot o’iJi’x • Id X' c * ±* i r nil fcriX lo . o. t*.oc -aioo ► cU iv 

1 'lxnriB t* .•-•.•£- 'jhXi 9rfX uo .9-.. l »r*lr [X#*t :o 

. '•*•1 »xax r *ix«xii'.- xeo> *n;- j - •• . ..10 

•'n (>•+}+(< *0' r 9 JoX’ r*'X x J tow- ?■•.. ■»_>•'• .1 * <* ia»# »rit 

\l>n 2 fce -0x9 •) Mi ■ >* - >nli lo milt mi-» w 

x-u o.-i -i .• :Xi*i l: .v >0 . i,if t .. .• , i,«^t 

l •.'•*, -i 1 i l. ,# . i*» ... , . t XIq*® 

’ X •- r ' X 1 . '•>'■. •Iini-f.ij-.r . uv. ;♦ 

: o ^ ^ -?,»• Mil. "n * • ; -iioo •• »x • .• I u io 1 

' ,J '■'• J -l** «• »• . •*» .r*v t. .i rt.ui isi »ni 

t j ’* •*> * To ribiortl f <■ t# '♦CA.W'n ►J (luM »-.*aAo 

• *< t r* i«^r <1*. tl#o .. », •« w.» . >•. .* tf | 

1 * "■ * ill* < .« i'.i ■ i' 1, .11 1 -r ..) 1 ■ 

• .\’»i - 1 ,r f. ;£•« >X i. fcj . . ■> JX 



-o^- 



lower surfaces of tills material. Tills construction would 
permit visual Inspection of collapse and the possibility of 
obtaining deflection readings* Plexiglas, however, has a 
low modulus of elasticity and therefore required backing to 
prevent the surface from deflecting appreciably when sub- 
jected to the expected pressures. The top steel web assembly 
and the bottom steel reinforcing ring as indicated in 
Figure I were designed for limiting the deflections of the 
Plexiglas. The hole in the bottom Plexiglas and reinforcing 
pistes was introduced to accommodate strain gage leads. 

The steel surfaces indicated to be surface ground m 
Figure I were so designated to provide good contact surfaces 
between the steel and the Plexiglas. The steel surfaces as 
received, particularly those of the spacer ring, would not 
hove insured a uniform spacing of the two surreces forming 
the annulus. 

Although four 3/8 w bolts would have been sufficient 
from considerations of strength alone, it was decided to 
use sixteen in order to obtain oil tightness. 

Originally rubber gasket material was to be used between 
the spfscer ring and the Plexiglas surfaces to prevent oil 
leakage ©t the junction of the steel and Plexiglas outside 
the annulus. However, the rubber gasket would have been 
compressed in varying amounts around the test apparatus, 
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depending on the tension in each bolt upon tightening up. 

It was possible to circumvent this difficulty by using 
paper of 0.010*' thickness. 

The pressure tap was designed to accommodate a 1/4" 
copper tube fitting. The air release tap diametrically 
opposite was so placed to vent the test chamber wnlle oil 
was being Introduced. 

The cathetoneter used to take deflection readings was 
mounted as indicated In Pigure II and Photograph No. (4). 

The heavy brass plug on which the cathetometer is mounted 
was machined to fit snugly into the thick walled pipe which 
had been welded into the center of the top web assembly of 
the test apparatus; the thick-walled pipe was machined 
true to an axis perpendicular to the surface of the 
Plexiglas. A bench mark was established cn the web 
assembly to facilitate taking deflection readings. 

Proof Test of Apparatus 

The objective of this phase of the testing was to 
solve as completely as possible the many unexpected problems 
of detail which plague any initial effort. In addition 
it was desirable to establish a standard test procedure 
to be used during the remainder of the exi>erimental work. 

Of concern to the authors during the design of the 
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apparatus was the need for an effective seal between the 
Plexiglas surfaces and the edges of the test ring. Pre- 
liminary considerations indicated that the most likely 
solution would be the use of either a leather or rubber 
gasket of slightly greater width than the ring. Tne 
gasket could be shaped to fold back against the Plexiglas 
surfece when the top assembly was bolted down. See 
Figure XXIX (a). To facilitate assembly, the gasket could 
be glued to the outer circumference of the ring prior to 
insertion in the test chamber. 

The following trial gaskets were selected for pre- 
liminary investigation: 

1. A strip of bicycle tire inner tube cut to 3/4" 

width, 28" in length, and joined at the ends 
with rubber cement. Results: Hot successful 

because a secure junction could not be obtained. 

2. Rubber electrical tape applied to the outer cir- 
cumference with the ends lapped. 

Results: Rxtrusion of the tape between the Plexi- 

glas surfaces and the edges of the ring occurred 
at pressures of about 400 psi. 

3. Leather strip 3/4" wide, 28“ in length with junction 
secured by a special leather cement. 

Results: Rot successful because the strengtn of 

the junction was unsatisfactory. 
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4. Truck tire inner tube 9“ in diameter cut to 3/4“ 
width with edges beveled as indicated in figure 
XXIX ( b ) . 

Results; Successful in holding pressures up to 
873 psi.; it is interesting to note that even at 
this pressure the gasket did not extrude. Pressure 
was not increased beyond 875 psi. for fear of in- 
troducing a permanent set in the top Plexiglas 
surface. There was no junction difficulty in 
this particular case because the gasket was con- 
tinuous. 

further experimentation with gasket No. 4 indicated 
that the 3/4“ width was unnecessary and could be reduced 
to 1/2 “. The angle of the bevel was changed to 45°. The 
procedure for cutting the final gaskets was as follows: 

1. Glue a 2“ section of rubber tubing around the cir- 
cumference of an 11“ wooden disk attached to a 
lathe chuck. 

2. Place the disk in the lathe and turn at slow speeds. 
I At high steeds the rubber was torn loose from 

the wooden disk; 

3. Hold a sharp, pointed cutting tool at 45° to the 
edge of the disk and slowly press the tool into 
the rubber in much the same manner as if turning 



down wood. 
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4* After the cutting blade has passed completely 
through the rubber, the tool is removed and in- 
serted 1/2" from the first cut, the inclination 
being that required to produce a reverse 45° 
bevel. 

Gaskets manufactured as above were glued to the outer 
circumference of the preliminary test rings with clear or 
black rubber cement. It was thought that a film of oil 
between the rubber gasket and the Plexiglas surfaces would 
be sufficient to lubricate the gasket and permit relatively 
friction free slipping, i'he first preliminary test ring 
was placed in the test chamber. Pressures well above the 
predicted failure pressure were applied without collapse 
of the ring. The possibility of passing through the first 
critical collapse pressure was discounted as a complete 
explanation because without noticeable restraint such 
could occur only by a combination of ideal conditions and 
fortuitious circumstances. The apparatus was repeatedly 
opened to adjust the gasket and, if possible to determine 
the cause of the restraint. After numerous trials the 
ring buckled at approximately psi., well above the 
predicted collapse pressure. 

The second preliminary test ring was similarly tested 
several times without success. At this point the authors 
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decided to direct ell efforts toward the elimination of the 
restraining force which prevented the collapse cf the rings 
at reasonable pressures. It was assumed that the restrain- 
ing fore® occurred as a result of friction between the 
rubber gasket and the Plexiglas since without the gasket 
the rings were found to be completely free when enclosed 
in the test chamber. 

Several types of lubricants were investigated by spread- 
ing the lubricant over two rubber 2 u x2" squares and sand- 
wiching a piece of Plexiglas between them. A load was 
applied to the rubber squares by means of wooden blocks 
placed between the rubber squares and the heads of a 
loading machine, bee Figure XXX. The force necessary to 
aiove the Plexiglas under specified loads was observed, 
fhe following lubricants were used: 

1. Humber 40 8.A.B. motor oil. 

Results: Plexiglas could not be moved by a 

force less than 40 lbs, when a load of 300 lbs. 
was applied by the loading machine. 

2. Silicone Compound 1X34. 

Results: Same as Ho. 1. 

3. Vaseline 

Results: Plexiglas could be moved by a force of 

approximately 8 lbs. when o load of 300 lbs. was 
applied by the loading machine. 
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4. Clear rubber cement applied to rubber and oil film 
on Plexiglas. 

Results: Plexiglas could be moved by a force of 

approximately 6 lbs. when a load of 300 lbs. was 
applied by the loading machine. 

5. Black rubber-to-metal cement applied to rubber and 
oil film on Plexiglas. 

Results: Lubricant effective to the extent that 

the 2“ rubber squares would not remain in place 
under wooden blocks as the load was being applied. 

On the basis of the preceding results it was concluded 
that the black rubber-to-metal cement was the most suitable 
lubricant. The rubber gasket was cemented to the outer 
circumference of the preliminary test ring with a large 
amount of cement. The aluminum ring was then placed in the 
test apparatus and the top assembly bolted in position. It 
was noted at this time that the gasket would not remain in 
position on the aluminum ring but pulled away in the manner 
indicated in Figure XXIX (c). The top assembly was removed 
and several strands of light string were passed around the 
outer circumference of the gasket. See Figure XXIX (d). 

The beveled edges were observed to fold back uniformily 
along the surface of the Plexiglas when the ring and gasket 
were again placed in the test chamber and the top assembly 
had been positioned and bolted down. See Figure XXIX (e). 
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Pressure was applied and the preliminary test ring buckled 
very close to the predicted collapse pressure. 

The test procedure with respect to gasket material, 
gasket size, and lubrication wa3 thus established. It is 
worthwhile to note that the best results were obtained wnen 
the black cement was applied to the beveled surfaces, the 
inner surrace of the gasket, and the outer surface of the 
ring. The cement was allowed to dry slightly after appli- 
cation. 

In an effort to obtain deflection readings the authors 
considered testing the rings in two phases. During the 
first phase clear rubber cement would be used as the 
lubricant and both deflection readings and strain readings 
were to be recorded up to the pressure at which collapse 
was expected. The pressure would then be released and the 
ring removed for lubrication with the black cement. During 
the second phase strain readings were to be taken until 
actual collapse occurred. However, as pointed out pre- 
viously strains taken during the two phases did not cor- 
relate. furthermore, the cathetometer proved impractical. 
The third preliminary test ring was strain gaged and tested 
with various lubricants and gasket material to show that 
the strains did in fact depend upon these factors. Results 
of these tests were presented in Figure IV. 
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During the proof testing period oil leakage around the 
bolt holes was noted. A strip of rubber electrical tape 
3/4" ih width was glued to the inner circumference of the 
spacer ring. The edges of tnis seal folded Pack toward the 
center of the test chamber and were pressed tightly against 
the Plexiglas when pressure was applied. Holes were cut in 
the electrical tape in way of the pressure tope and air 
release tape. Little or no oil leakage was observed around 
the bolt holes throughout the remainder of the tests. 

Test of Compression Specimens 

Since the value of 1, Young’s Modulus, and <T y were 
of primary importance in the correlation of experimental 
data with predicted stress distribution and collapse pressure, 
it was immediately apparent to the authors that the values 
of E and CTy for the material used should be determined ex- 
perimentally rather than relying on handbook values which 
represent average data at best. 

Four 2 1/2" wide semi-circular sections were cut from 
the original piece of aluminum tubing to provide the 
material from which tensile specimens were to be machined. 

The semi-circular sections had to be flattened before 
machining; therefore, the sections were annealed prior to 
the flattening process to prevent cracking. Annealing was 
carried out as recommended by the Metals Handbook (5)* 

To insure a reasonably complete anneal, the semi-circular 
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sections were 'nested for two hours at 730 °^, then slowly 
cooled (not faster than SO 0 * 1 per hour) until a temperature 
of 300 ° was reached. Below 500°^ the rate or cooling was 
not important and the sections were removed from the 
furnace and allowed to air cool to room temperature. 

The sections were then flattened in a mechanical press. 
Kb difficulties were experienced in the flattening operation. 
Cracks did not occur in the sections and very little spring- 
back wen observed when the upper head of the press was 
lifted from the sections, ifrom all indications, the 
aluminum alloy was sufficiently annealed by the process 
described above. 

To obtain uniformity of physical properties in the 
flattened sections, they were heat treated along with the 
ring sections as described in the material related to the 
manufacture of the rings. 

Unfortunately the flat bar specimens were not quite as 
true es the authors had anticipated, and it was feared 
that appreciable bending stresses might be introduced in 
the tensile specimens during the application of loads. 

Initial unfairness could have been eliminated by machining 
the flat surfaces; however, this procedure would not have 
been too practical since the original wall thickness of 
the aluminum tubing was only 0 . 250 “. A further reduction 
in thickness would have increased the difficulty of mounting 
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of Tensometers. It was tnen decided to use three compres- 
sion specimens cut from the flattest portions of the section. 
Since the length of the specimens required was of the order 
of 2.5", no appreciable difficulty was experienced in 
finding planar portions of the sections for this purpose. 

Three compression specimens were manufactured by the 
Department of Mechanical Engineering machine shop. 
Specification for compression test specimens: 

Using the same material from which the rings were 
manufactured, three specimens are to be cut and milled to 
the dimensions of 0.84 x 2.53 inches, these dimensions con- 
forming to the proportions of 1 to 3 as recommended by 
AST12 standards. 

The compression specimen test block and two Type A 
Huggenberger Tensometers were furnished by the Department 
of Mechanical Engineering, M.I.T, Load was applied to the 
block by means of a 10,000 pound capacity loading machine. 

As recommended by the Metals Handbook, the Tensometers 
were mounted on opposite sides of the test specimen. The 
gage points were located symmetrically with respect xo the 
middle of the length of the specimen and not closer to the 
end of the specimen than a distance approximately equal to 
the width of the specimen. 

It was found necessary to reset the Huggenberger 
Tensometers at least four times during each specimen run. 
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APPBNDIX £ 

Oanrple Calculations end Summary or Pats 



Calculation of Rp, Radius to Outer Circumference 

The radius to the outer circumference of each ring was 
measured indirectly by fitting a wire of known diameter 
around the outer surface of the ring, scribing the wire in 
position, and then measuring the distance between the scribe 
marks on a 36" rule. 



Then H 0 = 



£_ 

21T 



d , where 



H 0 -- radius to outer circumference of the ring 
in inches. 

H * length of wrapper wire measured between 
scribe marks in incnes. 

d * diameter of wrapper wire m inches. 

Thus for Ring No. 1: 



R 0 » 



2k •ff . 1 _ 0.01" 



2 Y 



K c * 4.509” 

The value of K 0 used in tho remaining calculations 
is the average of all measured radii. 

Compression Test 

The strains given by opposite Huggenherger Tensometers 
at a specified load were averaged to avoid errors due to 
bending. The stress corresponding to this strain was ob- 
tained by dividing the load by the original cross sectional 
area of the specimen. 
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Ths following calculation applies in the case of 
Specimen No. 1 at a load of 4500 lbs. 

Data - Specimen No. 1 

Huggenberger No. 2201 Huggenberger No. 2195 

Calibration Factor 1040 Calibration Factor 1051 



Load 


Rdg. 


Rdg 


Rdg 


Rdg 


Rdg 


Rdg 


lbs 

0 

500 


• 

1.50 

1.30 


-0.20 


-0.20 


1.5 

1.24 


-0.26 


-0.26 


1000 


1.09 


-0.21 


-0.41 


1.00 


-0.24 


-0.30 


1500 


0.86 


-0.23 


-0.64 


0.74 


-0.26 


-0.76 


2000 


0.03 


-0.23 


-0.87 


0.50 


-0.24 


-1.00 


2500 


0.43 


-0.20 


-1.07 


0.28 


-0.22 


-1.22 


3000 


0.20 


-0.23 


-1.30 


0.05 


-0.23 


-1.45 


Reset 

3500 


1.50 

1.33 


-0.17 


-1.47 


1.50 

1.28 


-0 . 22 


-1.67 


4000 


1.11 


-0.22 


-1.69 


1.04 


-0.24 


-1.91 


4500 


0.89 


-0.22 


-1.91 


0.81 


-0.23 


-2.14 


Strain = 


Tensorneter Heading 
Calibration Factor 


in mche s/inch 





£ , * Strain in inches/inch given by Tensorceter 

1 No. 2201 

£. 9 = Strain in inches/inch given by Tensorneter 
No. 2195 

£ = Average measured strain in micro -inches/inch 

€ l = = - 0.001836 inche3/inch 

c = -2.14 = - 0.002036 inches/inch 

2 1051 

£ - 1-0.001836) + (-0.002036 ) x po* 3 - -1936 micro-inches/ 

2 inch 

<x = _L_ 

txw 

& ~ stress in psi. 

L = load in lbs. 
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t = thickness of specimen in inches 
w = width of specimen in inches 

= 20,50U psi 

(0. 2ol) (0.341 ) 

The results of the Compression Test calculations are 
presented as experimental points in Figure III. 

Circumferential Strains 

Except for the case of Ring No. 2 all predicted cir- 
cumferential strain distributions were computed directly 
from equation ( 3 ) . 

£ p + 6 P R u 0 h cos 2 8 

Eli Eh 5 - 4 P H5 " 

All factors are defined in SYMBOLS AND ABBREVIATIONS, page vi. 

For Ring No. 7, u c = 0.1335“; then for P = 240 psi. 

£ = U40) (4.508) + (6 ) (240) (4.383) (0.1355) (0. 25 0) cos 2 8 

(0. 250) (10.8 x 10 b ) (10.8 x 10 b M0.250p-(4)(240M4.383) 5 



€. = (400.7) + (2754.8 cos 2 0 ) micro -inches/inch 



8 


cos 2 0 


2754.8 cos 2 0 


£ 


0° & 180° 


+1 


+2754.6 


+3135-5 


30 ° & 210° 


+1/2 


+1377 . 4 


+1770.1 


60° & 240° 


-1/2 


-1377.4 


-976.7 


90° & 270° 


-1 


-2754.8 


-2354.1 


120° & 300 ° 


-1/2 


-1377.4 


-976.7 


150° & 330° 


+1/2 


+1377.4 


+1770.1 
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Since € Has been defined as a 
values become: 

Circumferential Position 
0° & 180° 

30 ° & 210 ° 

60° & 240° 

90° & 270° 

120° & 300° 

150° & 330° 



compression strain the plotted 

Strain in micro-inches/inch 
- 3155.5 
- 1788.1 
+ 976.7 
+2354.1 
+ 976.7 
- 1778.1 



The circumferential strain distribution for King Bo. 2 was 
computed using the measured out -of -roundness at each station 



instead of u 0 cos 2 9. 



e _ P Ro 


,bPH 


u h 


(5) 


E h 


Eh^ - 


4Pr3 


Data: 








Circumferential 


Position u ! 


Sign as determined 


0° & 180° 






equation ( 5 ) 




0.0075" 


- 


30 ° & 210 ° 




0.0800“ 


+ 


50 ° & 230 ° 




0.0125" 


+ 


8 U° & 260 ° 




0.0065“ 


+ 


110 ° & 290 ° 




0.0045" 


- 


150 ° & 330 ° 




0 . 0125 1 ' 


- 



at P = 400 psi. 
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£ * 1400 M 4. 303) + (bK40Q)(4.303)(0.250) u 

(0. i?50) (10.8 :x 10 b ) (10. 8 X 10 b )(0.25Q)’M4)(40uM4.3«3> ;5 

<f * 667* 35 + 33333.4 u micro -inches/inch 
Substituting data: 

Plot tad Strain 

Circumferential Position in micro -inches/inch 



0° 


& 


180° 


- 42.7 


O 

O 


& 


210° 


*1334.63 


50° 


& 


230° 


- 1739.77 


80° 


it 


2o0° 


-1209.03 


110° 


& 


290° 


-292.7b 


150° 


& 


330° 


+374.08 



A summary of all 3uch calculated values is given in the fora 
of curves, see figures V, VIII, XI, XIV, and XVII. 

Maximum Strains 

The maximum strains at specified pressures were computed 
using equation (3). Cos 2 0 becomes +1 for 0° and 180° 
positions and -1 for y0° and 27 0° positions. 



£ * 


p 


Ko 


+ t> 1 R u 0 h 


(6) 




E 


h 


£ - 4Pr3 




<f as 


Jr 


Ho 


b P R u 0 h 


(Y ) 




B 


h 


£ h5 - 4 ? R- 





£ for a ring of given u 0 is computed from equations (o) 
and (7 ) at several increments of pressure, 
u 0 * 0.070*; then at 50 psi.: 



Por Ring flo. 5, 
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£ at 0° and 180° 

£ * (5Q)(4*508) ♦ (6)(30)(4.365)(0*070H0.230) 

110.8 x 10 b )(0.250) (10.8 x 10 b )(0.250p-u)(50)(4.$i3)^ 

£ * 234*9 niicro-inches/inch (Plotted with - sign) 

£ et 90° and 2? 0 C 

£ « ( 50) (4*308) . (6) (50) (4*383) (0*070) (0*250) 

(10.8 x lU t> )(0.250) (lu.d x 10 u )(G.230)^-(4)(30)(4.3b3) :5 

£ “ - 68*0 micro -inches/ inch (Plotted with + sign) 



Pressure 

psi. 


Plotted value at 
0° and 180° 


Plotted value at 
90 ° and 270° 


50 


-234*9 


*68.0 


100 


-307 .7 


+173*6 


150 


-034.3 


+333*5 


200 


-1,241*7 


+573*9 


250 


- 1,770.1 


+943*4 


300 


-2,539*9 


*1,538.2 


350 


-3,750.7 


+2,582.1 


400 


-6,077*3 


+4,741*7 



A summary of all such calculated values is given m the form 
of plots, see Figures XX-XXVI. 

Collapse Pressures 

The curves of predicted collapse pressure^ ’were derived 
indirectly by first plotting equation (4). Stresses at 
various pressures were computed for severest values of u c . 
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A cross curve or predicted collapse pressures was then 
drawn using the values given by tne intersection of a single 
ordinate 55,000 psi. or 41,000 psi. with the curves of stress 
versus pressure. 

To compute one point for stress-pressure curves: 

u 0 = 0.050% P = 50 psi., h * 0.250" 

<r = l R o + 5. E 

h e n- - 4 Pip" 

<r _ ( 50(4.508) + (b ) ( 50 ) (0.050 ) ( 4 . 585 ) (0. 250 ) ( 10. 8 x 10° ) 
(0.250 (10.8 x 10 b )(0.250) 3 -(4H50H4.585) 5 



** - 2,090 psi., maximum compressive stress 
Similarly: 



Pressure 


cr 


psi. 


psi. 


100 


4,431 


200 


10,609 


250 


15,005 


300 


21,139 


350 


30,737 


400 


50,20b 


Values for <r ^^. 


were computed at 



pressure for the following values of u 0 : 0.050", 0.100", 
0.150", 0.200", and 0.250". The procedure was repeated 



using h = h ffiin> * 0.243“. 

The results of these computations are presented as 
curves, Figure XXXI. Shown in tne same Figure are ordinates 
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at 55*000 psi. and 41,000 psi. The Intersection of pressure - 
stress curve with these ordinates determined the points 
through which the predicted collapse pressure curves were 
drawn? see Figures XXVII and XXVIII. 

.Experimental Strain Headings 

She strain data was checked for significant errors by 
plotting measured strains versus pressure I or eacn strain 
gage. There were no marked deviations from the fair curves 
which were drawn through the points. These curves were also 
used to determine the experimental points shown m the plots 
of circumferential strain distribution in Figures V, VIII, 

XI, XIV, and XVII. 

The measured values of strcin chow-a in Figures IV ana 
XX-XXVI were taken directly from the original data. 
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ATPEKDIX C 
Original Date 

Table I is a tabulation of the data taken during the 
test of the three compression specimens. 

Table II is a record of the data recorded during the 
investigation of the effects of lubricants and gasket 
material upon the strain distribution around the inner 
circumference of the aluminum rings. 

Tables III - XI contain data relating to physical 
dimensions, circumferential strain distribution, collapse 
pressures and diametral readings for each ring. 
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Table IX 

Dim ensions and Strain Data for Rina #7 

Angle K b Strains in micro-inches per inch at pressures indicated 
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Table X 

Dimensions and Strain Data for Ring #8 

Ajigle h b Strains in micro-inches per inch at pressure indicated 
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